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Optical harmonic generation on excitons is found in ZnSe/BeTe quantum wells with type-II
band alignment. Two experimental approaches with spectrally-broad femtosecond laser pulses and
spectrally-narrow picosecond pulses are used for spectroscopic studies by means of second and third
harmonic generation (SHG and THG). The SHG signal is symmetry-forbidden for light propaga-
tion along the structure’s growth axis, which is the [001] crystal axis, but can be induced by an
external magnetic field. The THG signal is detected at zero magnetic field and its intensity is field
independent. A group theory analysis of SHG and THG rotational anisotropy diagrams allows us
to identify the involved excitation mechanisms.
I. INTRODUCTION
Nonlinear optical spectroscopy is a powerful technique
to study electronic states in solids [1, 2]. Among the va-
riety of the used approaches multi-photon processes, like
optical second harmonic generation (SHG), are of partic-
ular interest as they give access to the symmetry of the
electronic states involved in the optical transitions [3, 4].
Using magnetic- or electric-field-induced SHG one can
address optical transitions that are symmetry-forbidden
for linear optical techniques. The reason is that SHG
is a coherent process involving optical transitions that
have to be allowed both for two-photon excitation and
one-photon emission. Optical third harmonic generation
(THG), which involves three ingoing photons and one
outgoing photon, offers new degrees of freedom to study
electronic states. For example, in electric-dipole approx-
imation SHG is symmetry-forbidden in crystals with a
center of inversion, whereas THG is possible in both cen-
trosymmetric and non-centrosymmetric crystals.
Systematic spectroscopic studies of excitons in semi-
conductors by optical harmonic generation started in
2004, see Refs. [4, 5] and references therein. In these
studies, the fundamental laser is tuned to a frequency ω
in the transparency range such that the double and triple
frequencies, 2ω and 3ω, of the optical harmonics are in
resonance with exciton states. Resonant enhancement of
the SHG and THG on the exciton states, also in mag-
netic field, was found. Several groups of bulk semicon-
ductors were studied, such as diamagnetic GaAs, CdTe,
ZnSe, ZnO, Cu2O, and diluted magnetic (Cd,Mn)Te. It
was shown that the symmetry reduction of exciton states
in external electric and/or magnetic fields can activate
them in SHG and substantially enhance their contribu-
tion to THG. New mechanisms of optical harmonic gen-
eration, specific for excitons and exciton-polaritons, were
disclosed and a microscopic consideration of these mecha-
nisms was carried out [6–9]. Recently, SHG spectroscopy
was extended to two-dimensional semiconductors MoS2
and WSe2 [11–13].
Despite these advances, so far SHG/THG spectroscopy
has not been used for investigation of excitons confined
in semiconductor heterostructures. We published only
preliminary data for ZnSe/BeTe multiple quantum wells
(MQW) demonstrating that it is feasible in principle [5].
Here, we present a systematic spectroscopic study of SHG
and THG on the direct excitons in ZnSe/BeTe MQW
with a type-II band alignment. We choose a ZnSe-based
MQW due to the pronounced exciton resonances in op-
tical spectra and the relatively large exciton binding en-
ergy exceeding 20 meV, and therefore the large oscillator
strength [14]. Due to the 20 nm thick ZnSe quantum
well layers, exceeding the exciton Bohr radius of 4.5 nm,
the direct exciton in the ZnSe/BeTe MQW forms a sta-
ble complex at low temperatures with confinement in the
ZnSe layers. In detail, the electrons are confined in the
ZnSe layers by the heterostructure potential, while the
holes, which have their potential minimum in the BeTe
layers, take on metastable states in the ZnSe layers due
to the Coulomb attraction by the electrons [14, 15].
An interesting property of type-II quantum wells is
the spatial separation of electrons and holes, which, in
case of ZnSe/BeTe structures, can strongly modify the
confinement potentials, resulting in a change of the spec-
tral properties of spatially direct and indirect emissions,
see Fig. 1, and of their recombination dynamics [16, 17].
ZnSe and BeTe have no common ions, thus enhancing
the anisotropy effects caused by the layer interfaces. This
anisotropy is particularly pronounced for the indirect op-
tical transitions [18, 19], but also can have some contri-
bution to the direct transitions, especially when the two
opposite interfaces in the QW are formed by Be-Se and
Zn-Te bonds, respectively [20].
The paper is organized as follows. In Sec. II details of
the sample and experimental techniques are given. Ex-
perimental data on SHG and THG measured by spec-
trally broad fs laser pulses and scanning of ps laser pulses,
as well as the observed signal from the GaAs substrate
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2are described in Sec. III. Section IV contains discussion
of the data and model considerations of the rotational
anisotropies of the SHG and THG signals.
II. EXPERIMENTAL DETAILS
The studied ZnSe/BeTe multiple quantum well struc-
ture (cb1750) was grown by molecular-beam epitaxy on
a 0.5-mm-thick GaAs substrate with [001] orientation. It
consists of ten periods, each consisting of a 20-nm-thick
ZnSe layer and a 10-nm-thick BeTe layer. The growth
conditions were adjusted to form Zn-Te chemical bonds
at all interfaces [18–20]. In this case, the Zn-Te and Te-
Zn chemical bonds at opposite interfaces are oriented per-
pendicularly to each other. At low temperatures, ZnSe
has a band gap energy of 2.82 eV at the Γ-point of the
Brillouin zone, and the band gap energy of BeTe is about
4.5 eV [21]. The ZnSe/BeTe material system has a type-
II band alignment with a very large confinement poten-
tial for the electrons of 2.5 eV, so that the electrons are
very well localized in the ZnSe layers. The confinement
potential of the holes is 0.8 eV, and the minimum of
their energy is located in the BeTe layers. The band di-
agram is shown schematically in Fig. 1. The direct and
indirect optical transitions in real space have energies of
about 2.8 eV and 2.0 eV, respectively. Both are seen in
the photoluminescence at low temperatures [14, 15, 17].
In this study, we focus on the direct optical transition
only, whose exciton resonances contribute to the SHG
and THG signals. Since the ZnSe layers are relatively
thick as compared to the exciton radii the exciton bind-
ing energy is close to the ZnSe bulk value of 20 meV.
ZnSe BeTeBeTe
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FIG. 1: Band diagram of the ZnSe/BeTe MQW structure
with type-II band alignment. The electron states confined in
the ZnSe layer (e1, e2) and the above-barrier states of the
heavy-hole (hh1, hh2, hh3) and light-hole (lh1) are shown by
the dashed and dash-dotted lines.
We measured linear optical spectra (reflectivity and
photoluminescence) of the studied structure in order to
have a reference for comparison with the SHG/THG
spectra. These spectra recorded at the temperature of
T = 5 K are shown in Fig. 2. The reflectivity was mea-
sured in a backscattering geometry with the use of a
halogen lamp. In Fig. 2(a), the strongest resonance at
2.8059 eV, labelled as e1-hh1, corresponds to the exci-
ton formed from the confined electron ground state (e1)
and the ground heavy-hole state (hh1). We identify the
two further resonances on the high energy side as e1-hh2
and e1-hh3, involving transitions from the fist and sec-
ond excited heavy-hole state. The resonance at 2.821 eV
is assigned to the e1-lh1 transition involving the ground
light-hole state. The energy splitting between the hh1
and lh1 states of about 15 meV is provided by strain,
induced by a small lattice mismatch between the ZnSe
and BeTe layers.
The photoluminescence (PL) was excited by a
continuous-wave laser with a photon energy of 3.06 eV,
providing an excitation density of 7 W/cm2. In the PL
spectrum, shown in Fig. 2(b), one sees the emission of the
e1-hh1 neutral exciton only as a shoulder at 2.8059 eV,
which is located on the high energy flank of the strongest
PL line at 2.8028 eV. This emission feature is the emis-
sion of the negatively charged excitons [trions (T)] [22].
It can be seen also as a weak resonance in the reflectivity
spectrum. The additional electrons needed for the trion
formation are provided in the ZnSe layers by photogener-
ation due to scattering of holes into the BeTe layers. Due
to their spatial and energetic separation by the large band
offsets, these electrons and holes have very long recom-
bination times because of the underlying indirect optical
transition.
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FIG. 2: Linear optical spectra of the ZnSe/BeTe MQW struc-
ture measured at T = 5 K. (a) Reflectivity spectrum. Red
and black arrows indicate the resonance energies of the 1S
transitions between the lowest electron level e1 and different
heavy-hole (hhi) and light-hole (lh) levels, respectively. (b)
Photoluminescence spectrum excited with 3.06 eV laser pho-
ton energy.
For the SHG/THG experiments, we use a recently de-
veloped technique for exciton spectroscopy based on op-
3tical harmonic generation through laser excitation with
fs laser pulses followed by detection with high spectral
resolution. The details of the technique can be found in
Refs. [9, 10]. In Fig. 3, the sample orientation relative to
the optical axis as well as the linear polarization angles
of the fundamental and harmonic light are specified.
The pump laser in our setup emits pulses of 150 fs dura-
tion at a repetition rate of 30 kHz, pumping two optical
parametric amplifiers (OPA) of which one emits pulses
of 3.3 ps duration with a full width at half maximum
(FWHM) of about 0.6 meV. The other OPA emits pulses
of 200 fs duration with a FWHM of about 10 meV. The
OPA central photon energy can be tuned in the range
of relevance for the optical harmonic generation around
Eg/N , where Eg = 2.82 eV is the ZnSe band gap energy
at cryogenic temperatures and N = 2 and 3 for SHG
and THG, respectively. The energy per pulse is set to
0.1 − 1.0 µJ for both OPAs depending on the harmonic
order to be measured.
The laser beam hits the ZnSe/BeTe sample surface un-
der normal incidence parallel to the [001] crystal direc-
tion. It is focused into a spot with a diameter of about
100 µm. The signals are detected by the combination
of a spectrometer and a silicon charge-coupled device
(CCD) camera (matrix with 1340× 400 pixels, pixel size
20 µm), cooled by liquid nitrogen. The spectrometer is
a 0.5-meter focal length monochromator (Acton, Roper
Scientific) with a 1800 grooves/mm grating. The over-
all spectral resolution of the detection system at photon
energies around 2.8 eV is about 100 µeV.
Using a Glan-Thompson polarizer and a half-wave
plate, the linear polarization plane of the ingoing and
outgoing light can be rotated continuously and indepen-
dently. One can thus detect the signals for any chosen
relative polarization of Eω or ENω and, therefore, mea-
sure the rotational anisotropy diagrams of the optical
harmonics. Here, we measure these anisotropies for ei-
ther parallel (Eω ‖ ENω) or crossed (Eω ⊥ ENω) linear
polarizations of the laser and the harmonic light. The an-
alyzer is set to the optimal polarization, providing high-
est throughput through the monochromator. A long pass
filter placed before the sample prevents SHG by optical
elements from entering the monochromator and a short
pass filter placed after the sample is used for cutting off
the infrared pump light.
The optical harmonic generation spectra are measured
by exciting the sample with laser pulses emitted by either
the fs-OPA or the ps-OPA. With the spectrally-broad fs-
pulses the whole spectral range around the 1S exciton in
ZnSe layers with the resonance energy E1S can be excited.
For that the central photon energy of the OPA output
was set to E1S/N with the necessary N for SHG or THG.
When using the spectrally-narrow ps-pulses the photon
energy has to be tuned across the energy range of the
resonances of interest, divided by N . Therefore, it is
necessary to detect the harmonic signal for each photon
energy separately.
For measurements in magnetic field, we use a supercon-
ducting split-coil magnet (Oxford Instruments) allowing
field strengths up to 10 T. The field is directed along the
[100] crystal direction, perpendicular to the light k-vector
(Voigt geometry). For optical measurements, the sample
is kept in a bath cryostat at a temperature of T = 5 K
in contact with cold helium gas.
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FIG. 3: Sample orientation relative to the optical axis and
linear polarization angles in the optical harmonic generation
experiments. The incoming light with frequency ω and elec-
tric field EωN has the wave-vector k
ω
N and the linear polariza-
tion angle ψ. The generated harmonic light with frequency
Nω (N = 2, 3) and electric field ENω has the wave vector kNω
and is detected at the polarization angle ϕ. The magnetic field
BV is applied along the crystal [100]-direction, perpendicular
to the funsamental light direction kω (Voigt geometry).
III. EXPERIMENTAL RESULTS
The outline for presenting the experimental data is the
following. We start with THG spectra at zero magnetic
field and then turn to THG and SHG in external mag-
netic field. Further insight into the exciton resonances
is obtained by measuring the THG and SHG rotational
diagrams. Tilting the sample (kω ∦ [001]) allows us to
measure crystallographic SHG signal from the GaAs sub-
strate and detect its absorption by QW excitons.
A. Third harmonic generation
In Figure 4, THG spectra measured with spectrally
broad fs-pulses and spectrally narrow ps-pulses are com-
pared. In Figure 4(a), the fs-pulse is centered at 3~ω =
2.817 eV and extends over the whole presented spectral
range. The laser pulse has a smooth shape, while the
THG spectrum contains sharp spectral features. The en-
ergies of these features correspond well to the energies of
the exciton states observed in reflectivity, compare with
Fig. 2(a). The e1-hh1 1S resonance has the highest am-
plitude and a FWHM of 1.1 meV. The relative intensities
of the exciton resonances in the THG spectra obviously
depend on the central laser photon energy, as shown in
4Fig. 4(b). Here, three spectra recorded for different cen-
tral energies marked by the arrows are given. The relative
intensities between the resonances become redistributed,
but the resonance energies remain the same. This addi-
tionally confirms that the spectral features are not caused
by possible spectral modulation of the fs-laser pulses.
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FIG. 4: THG spectra of ZnSe/BeTe MQW measured at
B = 0 T and T = 5 K with normal light incidence (θ = 0◦,
kω ‖ [001]). Polarizations are Eω ‖ E3ω ‖ [010]. (a)
Spectrum measured with fs pulses with maximum energy
at 3~ω = 2.817 eV. (b) Spectra with fs-pulses centered at
3~ω = 2.806 eV (blue), 2.817 eV (red) and 2.828 eV (black).
(c) Spectrum obtained by scanning the ps-laser excitation en-
ergy.
We note that by the fs-pulses the whole spectral range,
shown in Fig. 4, is covered without scanning the cen-
tral laser energy. Therefore, only five minutes accumula-
tion time is needed to measure the spectrum with a good
signal-to-noise ratio. Thus, THG spectroscopy with fs-
pulses is a valuable tool to quickly identify resonances
and their spectral widths. To quantitatively measure
the relative peak intensities, however, requires normal-
ization to the fs-laser spectral intensity, accounting for
the optical nonlinearity. The THG spectrum measured
by scanning the ps-laser is shown in Fig. 4(c). The ps-
laser intensity is about constant in this spectral range
and normalization is not needed to assess the relative
intensities of the exciton resonances. One can observe
in this spectrum all resonances detected also under fs-
pulses, which are spectrally broadened here due to the
limited resolution of the ps-pulse FWHM of 0.6 meV.
The acquisition time of the whole spectrum is 15 min-
utes with accumulation time at each data point of 10
seconds, the signal-to-noise ratio is not as good as for
fs-pulses.
As one can see in Fig. 5(a), application of an ex-
ternal magnetic field up to 8 T has only small influ-
ence on the THG spectra. The THG intensity remains
about constant, as is shown for the e1-hh1 resonance in
Fig. 5(b). A similar behavior was reported previously for
bulk ZnSe [8]. It was explained by the relatively small
exciton diameter in ZnSe and, therefore, magnetic fields
up to 8 T do not shrink the wave function considerably
so that the exciton oscillator strength remains about con-
stant. This is in correspondence with the weak diamag-
netic shift of the resonance energy of the 1S exciton from
the e1-hh1 transition in the THG spectra[Fig. 5(c)]. It
has characteristic B2 dependence and reaches 0.4 meV
at B = 8 T.
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FIG. 5: (a) THG spectra for different magnetic fields. Sample
is oriented for normal light incidence θ = 0◦ and polarizations
are Eω ‖ E3ω ‖ [010]. The magnetic field dependencies of the
THG intensity and peak energy of the 1S exciton are shown
in panels (b) and (c), respectively.
THG rotational anisotropies of the 1S excitons involv-
ing the heavy-hole (e1-hh1) and light-hole (e1-lh1) tran-
sitions are shown in Figs. 6(a) and 6(b), respectively. At
zero magnetic field, the 1S(hh) anisotropy measured for
parallel polarizers (Eω ‖ E3ω, the black points) has an
almost isotropic shape, whereas the crossed anisotropy
(Eω ⊥ E3ω, red circles) has much lower intensity and
5a shape with four lobes. In the magnetic field of 10 T,
the parallel anisotropy is modified. It becomes elongated
perpendicular to the magnetic field direction, i.e., along
the [010] crystal axis. The perpendicular anisotropy
does not show visible modifications. The parallel 1S(lh)
anisotropy is not isotropic at zero magnetic field, but has
a fourfold-symmetry shape with weak contrast modula-
tion. In magnetic fields, it becomes elongated along the
[010] crystal axis as well. The perpendicular anisotropy
of 1S(lh) has a fourfold symmetry shape, the same as the
1S(hh) resonance, and is not modified by the magnetic
field.
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FIG. 6: THG rotational anisotropies at B = 0 T (left) and
10 T (right) of the (a) e1-hh1 exciton and (b) e1-lh1 exciton,
as labeled in Fig. 4. The solid (black) and open (red) circles
show data for the Eω ‖ E3ω and Eω ⊥ E3ω (magnified by
factor 5) polarization configurations, respectively.
Note that we observed similar shapes for the THG ro-
tational diagrams for the 1S exciton in bulk ZnSe [23].
However, the theoretical description differs for bulk and
MQW samples due to their different symmetries, as will
be shown in Sec. IV.
B. Second harmonic generation
Contrary to THG, SHG is symmetry forbidden in a
ZnSe/BeTe MQW for light propagating along the [001]
crystal direction. Indeed, we find no SHG signal in the
range of exciton resonances at zero magnetic field, see
the black symbols in Fig. 7. However, by applying a
magnetic field in the Voigt geometry (B ⊥ kω), a man-
ifold of resonances appears in the SHG spectrum (red
dots). Their spectral positions coincide well with the
exciton resonances in the reflectivity and THG spectra,
compare with Figs. 2(a) and 4. Similar to THG, the SHG
spectra can be measured with fs lasers pulses or scanned
ps pulses. The fs-pulse method provides better spectral
resolution, compare the panels (a) and (b) of Fig. 7.
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FIG. 7: SHG spectra of ZnSe/BeTe MQW measured at
B = 0 T (black) and 10 T (red) for T = 5 K in normal light
incidence (θ = 0◦, kω ‖ [001], B ⊥ kω). (a) Using femtosec-
ond pulses centered at 2~ω = 2.812 eV. (b) With scanned
picosecond pulses.
In Figure 8(a), the SHG intensity of the e1-hh1 res-
onance is shown as a function of magnetic field. The
red line is a fit with ISHG = cB2. It has good agree-
ment with the experimental data. For the magnetic-field-
induced SHG signals on the exciton resonances that were
reported for bulk semiconductors like GaAs, CdTe and
ZnO [5, 6, 24], a B2 dependence is rather typical. In order
to make this fit even better, we account for higher terms
using ISHG = aB2 + bB4. One can see from the blue line
in Fig. 8(a) that a very good agreement is achieved when
the data point at B = 10 T is not taken into account.
The fit amplitudes of the respective terms are a = 42
and b = 0.75, showing that the B2 term is of main im-
portance. The presence of the B4 term can be related
to, e.g., the magnetic-field-induced mixing of heavy-hole
and light-hole states.
We have measured also the power dependence of the
SHG intensity at B = 5 T, which follows the P 2 depen-
dence expected for a nonlinear process with two-photon
excitation, see Fig. 8(b).
Rotational anisotropies of the e1-hh1 and e1-lh1 SHG
lines are shown in Fig. 9. The parallel anisotropies (Eω ‖
E2ω) of both resonances have a twofold symmetry pattern
with the lobes aligned along the [010] crystal direction,
i.e. perpendicular to the magnetic field. The anisotropies
measured with crossed polarizers (Eω ⊥ E2ω) have much
weaker intensity (reduced by a factor of about 5−10) and
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FIG. 8: SHG intensity dependence of the e1-hh1 exciton res-
onance (a) on magnetic field for P = 10 mW, and (b) on
laser power at B = 5 T. Symbols give the data and red lines
show quadratic fits to the data. The blue line in panel (a) is
a fit accounting B2 and B4 terms with respective parameters
a = 42 and b = 0.75. In this case data point at B = 10 T was
excluded from the fitting data.
have different shapes. They show fourfold symmetries,
but with different intensities of the lobes. The stronger
component for the heavy-hole exciton is aligned along the
direction 25◦, while for the light-hole exciton is pointed
along 90◦.
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FIG. 9: SHG rotational anisotropies recorded at the reso-
nance energies of the e1-hh1 and e1-lh1 excitons, measured in
a magnetic field of 10 T. Solid (black) and open (red) circles
show data for the Eω ‖ E2ω and Eω ⊥ E2ω configurations,
respectively.
C. SHG from GaAs substrate in tilted geometry
SHG signal becomes symmetry-allowed and can be ob-
served at zero magnetic field when the incident laser light
kω2 propagates along a direction different from the [001]
crystal direction, i.e. when the crystal is tilted [24]. We
set the tilting angle to θ ≈ 40◦, corresponding to an in-
ternal angle between the light propagation direction kω
and the [001] crystal direction of ≈ 13◦. The correspond-
ing SHG spectra are shown in Fig. 10(a). The blue line
shows the spectrum measured with fs-pulses centered at
2~ω = 2.774 eV, which is below the exciton resonances
in the MQW, but above the band gap of the GaAs sub-
strate at 1.52 eV. The spectrum has the Gaussian shape
of the femtosecond pulse spectrum. This signal corre-
sponds to SHG generated in the GaAs substrate. When
the laser energy is shifted to the MQW exciton reso-
nances at 2~ω = 2.816 eV, the spectral shape becomes
modulated, showing minima at the energies of the MQW
exciton resonances. This is seen better in Fig. 10(c),
where we subtract the Gaussian laser profile from the
red spectrum in Fig. 10(a).
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FIG. 10: (a) SHG signal measured at tilted geometry (θ ≈
40◦) using nonresonant (blue) and resonant (red) two-photon
excitation. The gray shaded area represents a Gaussian fitted
as an envelope to the red SHG signal. (b) Representative
rotational anisotropy of SHG signal measured below the QWs
exciton resonances at 2~ω = 2.774 eV. Solid (black) and open
(red) circles are for the Eω ‖ E2ω and Eω ⊥ E2ω polarization
configurations, respectively. (c) Difference intensity between
the red SHG spectrum and the Gaussian fit shown in panel
(a). It presents the absorption of the SHG generated in the
GaAs substrate by the QW excitons.
We explain this finding by the generation of SHG light
in the GaAs substrate and its subsequent absorption by
excitons in the quantum wells. The substrate has cubic
Td symmetry where SHG is forbidden for k
ω
2 ‖ [001] in
absence of external fields, but SHG becomes allowed for
a tilted sample. The band gap energy of GaAs is 1.52 eV
at low temperatures. Therefore, two photons with 2~ω =
2.816 eV sum energy excite the continuum far above the
GaAs band gap, leading to SHG there. The SHG light
passes the quantum well layers, where it can be absorbed
7by the MQW excitons in a one photon process.
In principle, there could be a substrate contribution
to the signal for SHG in magnetic field and in THG,
too. We consider this contributions to have low intensity
compared to the quantum well excitons. Furthermore,
the SHG and THG from the substrate should show no
distinct resonances at energies far above the band gap
in the continuum states of GaAs. In Figs. 4 and 7, the
signal intensity drops to close to zero outside the exciton
resonance range. This proves that the substrate contribu-
tions can be neglected for measurements at normal light
incidence (kω2 ‖ [001]).
IV. DISCUSSION AND MODELING OF
ROTATIONAL ANISOTROPIES
In this section, we analyze the SHG and THG rota-
tional diagrams. We apply group theory and simulate
the angle dependent signal intensity. This is done by
considering the symmetries of the exciton states, the in-
coming and outgoing photons and the applied magnetic
field.
The exciton symmetries in the ZnSe layers are obtained
from the symmetries of the associated conduction and va-
lence bands and the exciton envelope, which is, however,
simply Γ+1 for 1S excitons. Whereas ZnSe bulk material
has the point symmetry group Td, the symmetry of the
quantum well structure is reduced to D2d. Note, that in
the studied ZnSe/BeTe MQW the two interfaces of each
ZnSe quantum well are formed by Zn-Te bonds, which
prevents a further possible symmetry reduction to C2v,
as could be the case for nonequivalent Zn-Te and Be-
Se interfaces [19]. The strain and quantum confinement
induce a splitting of the heavy-hole (Γ6) and light-hole
(Γ7) bands, which changes their irreducible representa-
tions, see Fig. 11.
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FIG. 11: Irreducible representations of the conduction and
valence bands: point groups of (a) bulk material, Td, and
(b) quantum wells, D2d. The spin-orbit split valence band at
lower energy is not shown.
The symmetry of an exciton (Γexc) is determined by
the product of the irreducible representations of the elec-
tron (Γe), the hole (Γh) and the envelope of the relative
motion of both (Γenv):
Γexc = Γe ⊗ Γh ⊗ Γenv. (1)
In the case of D2d symmetry, the 1S exciton states in-
volving either a heavy-hole (Γ6) or a light-hole (Γ7) are
given by
Γhh = Γ6 ⊗ Γ6 ⊗ Γ1 = Γ1 ⊕ Γ2 ⊕ Γ5, (2)
Γlh = Γ6 ⊗ Γ7 ⊗ Γ1 = Γ3 ⊕ Γ4 ⊕ Γ5. (3)
The required tables for the calculation can be found in
Koster et al. [25].
Next, we calculate which of the exciton states in
Eqs. (2) and (3) can be excited by one, two, or three
photons. In the point group D2d, a single photon that
is polarized in the quantum well plane (i.e. in the (xy)
plane) is described by Γ5 symmetry.
For SHG and THG, the addressed exciton states need
to be allowed for excitation by two and three photons,
respectively. Two photons can excite states of the sym-
metries
Γ5 ⊗ Γ5 = Γ1 ⊕ Γ2(= 0)⊕ Γ3 ⊕ Γ4. (4)
Note that Γ2 can not be excited by two photons of the
same polarization. Using three photons, only states of Γ5
symmetry can be excited because every state symmetry
that can be excited by two photons, multiplied by the
symmetry of the third photon results in Γ5 symmetry,
Γ5 ⊗ Γ5 ⊗ Γ5 = 3Γ5. (5)
In order to calculate rotational anisotropies, the am-
plitudes, EωN (ψ), of the incoming photons are described
by the polarizer angle ψ, with N = 2 and 3 for SHG and
THG. The amplitudes of the outgoing photons, ENω(ϕ),
are dependent on the analyzer angle ϕ. For kωN ‖ [001]
and, respectively, kNω ‖ [001] the amplitude of the out-
going one-photon process is given by
ENω(ϕ) =
−sin(ϕ)cos(ϕ)
0
 . (6)
For consistency with previous publications and the multi-
photon operators given below, we define the one-photon
emission operator as Oout(E
Nω, ϕ) = ENω(ϕ).
The two- and three-photon excitation operators are
given by
Oin(E
ω
2 , ψ) = E
ω
2 (ψ)⊗Eω2 (ψ), (7)
Oin(E
ω
3 , ψ) = E
ω
3 (ψ)⊗Eω3 (ψ)⊗Eω3 (ψ). (8)
The total, angle dependent SHG and THG intensities are
calculated by
ISHG ∝ |Oin(Eω2 , ψ)Oout(E2ω, ϕ)|2, (9)
ITHG ∝ |Oin(Eω3 , ψ)Oout(E3ω, ϕ)|2. (10)
The rotational anisotropies for parallel (Eω ‖ ENω) and
crossed (Eω ⊥ ENω) polarization configuration are ob-
tained by setting either ϕ = ψ or ϕ = ψ + 90◦.
8A. SHG rotational anisotropies
From the fact that two photons can excite only states
of Γ1, Γ3, or Γ4 symmetry, whereas one photon can only
be emitted by states of Γ5 symmetry, we can already
conclude that no SHG signal is expected for kω2 ‖ [001].
The situation changes when a magnetic field is applied
along the x-axis ([100] crystal direction, Voigt geometry,
B ⊥ kω). The magnetic field has Γ5 symmetry and cou-
ples (i) the heavy-hole states of symmetry Γ1 to Γ5 and
(ii) the light-hole states of symmetries Γ3 and Γ4 to Γ5,
see Eqs. (2) and (3). Therefore, (i) two photons excite
a Γ1-state (Oin1) which is coupled to Γ5 and can emit a
photon. (ii) Two photons excite Γ3 or Γ4 states (Oin3, 4)
that are both coupled to Γ5 which can emit again one
photon. Both processes are visualized in Fig. 12.
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FIG. 12: Two-photon excitation (red arrows) and one-photon
emission (blue arrows) paths of 1S excitons in SHG. The
dashed lines represent intermediate states with correspond-
ing symmetry. The red and blue arrows are photons of Γ5
symmetry. The black horizontal arrow represents mixing of
states by a magnetic field. SHG processes for (a) the heavy-
hole 1S exciton in path ’A’ and (b) the light-hole excitons
through paths ’C’ and ’D’.
Although the heavy-hole and light-hole 1S states are
split by several meV we find in our simulation that inter-
ference of the paths A, C and D is necessary to model the
rotational anisotropies. Therefore, it is necessary to add
up the angle-dependent amplitudes of each path prior to
calculating the square of this sum, in order to obtain the
SHG intensity. The magnetic field induced SHG is given
by
ISHGB ∝ B2|(AOin1 + COin3 +DOin4)Oout|2 (11)
with the parameters A, C and D are for the individual
paths. The explicit expressions for parallel and crossed
anisotropies are
ISHGB, ‖ ∝ B2sin(ψ)2 [A+D + (C +D)cos(2ψ)]2 ,(12)
ISHGB, ⊥ ∝ B2cos(ψ)2 [A−D + (C +D)cos(2ψ)]2 .(13)
To show the importance of this interference between the
three paths, we give in Fig. 13 the results for each single
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FIG. 13: SHG rotational anisotropies in magnetic field for the
individual SHG paths A, C and D, respectively in panels (a),
(b) and (c). The direction of the magnetic field is indicated
by the small black arrow with the boldface letter B on top.
The gray and red shaded areas show simulations for Eω ‖ E2ω
and Eω ⊥ E2ω configurations, respectively.
path. Thus, in panels (a)-(c) one of the three parameters
is set to unity, while the other two are set to zero.
Equations (12) and (13) are fitted to the heavy-hole
and light-hole 1S SHG anisotropies in Fig. 9. The com-
parison of the model calcualtions with the experimental
data as well as the fit parameters are given in Fig. 14. We
use here cartesian instead of polar coordinates for better
visibility.
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FIG. 14: Experimental SHG data and simulations for the (a)
heavy-hole and (b) light-hole 1S exciton at B = 10 T. The
small black arrow with the boldface letter B on top indicate
the direction of the magnetic field. Solid (black) and open
(red) circles represent data for the Eω ‖ E2ω and Eω ⊥ E2ω
polarization configurations, respectively. The gray and red
shaded areas show the corresponding simulations.
B. THG rotational anisotropies
In THG, signal is already allowed without application
of an external magnetic field. The possible excitation
and emission paths are presented in Fig 15.
The three paths add up to the total excitation of the
Γ5 1S state. Thus, the THG signal is given by
ITHG ∝ |(POin1 +QOin3 +ROin4)Oout|2 (14)
with the parameters P , Q and R for describing the con-
tributions of the individual paths.
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FIG. 15: Three-photon excitation (red arrows) and one-
photon emission (blue arrows) paths of the 1S Γ5 exciton
states in THG. The dashed lines represent intermediate states
with corresponding symmetries. The red and blue arrows are
photons of Γ5 symmetry.
The expressions for the parallel and crossed
anisotropies are
ITHG‖ ∝
1
16
[−2P +Q−R+ (Q+R)cos(4ψ)]2 ,(15)
ITHG⊥ ∝
1
16
(Q+R)2sin(4ψ)2. (16)
Equations (15) and (16) are fitted to the heavy-hole and
light-hole 1S THG anisotropies at B = 0 T in Fig. 6(a).
The results are shown in Fig. 16 in combination with the
fit parameter values.
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FIG. 16: Experimental THG data and simulations for the (a)
heavy-hole and (b) light-hole 1S exciton at B = 0 T. The solid
(black) and open (red) circles represent data for the Eω ‖ E3ω
and Eω ⊥ E3ω polarization configurations, respectively. The
gray and red shaded areas show corresponding simulations.
On one hand, the small modulation of the almost con-
stant heavy-hole 1S signal with a fourfold symmetry pat-
tern in the parallel configuration can be reproduced by
the simulation. Further, the stronger modulation for the
light-hole 1S state is expressed by larger values of the
fit parameters Q and R. On the other hand, the low
intensity signal with fourfold symmetry in the crossed
configuration is not reproduced by the fit. This devia-
tion might be explained by small sample misalignments
and/or internal strain in the quantum wells.
The application of a magnetic field will, unlike in the
SHG case, not allow for the activation of additional exci-
tation paths in THG. Only the Γ5 states can be excited
by three photons. Therefore, a possible mixing of exci-
ton states by the magnetic field will not result in new
contributions. However, the oscillator strength of the Γ5
state might be transferred to dark states, reducing the
emission intensity from Γ5 components.
Equations (15) and (16) are fitted to the heavy-hole
and light-hole 1S THG anisotropies at B = 10 T in
Fig. 6(b). The results are shown in Fig. 17 together with
the used fit parameters.
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FIG. 17: Experimental THG data and simulation for the (a)
heavy-hole and (b) light-hole 1S exciton in the magnetic field
of 10 T. The short black arrow with the boldface letter B on
top indicate the magnetic field direction. The solid (black)
and open (red) circles represent data for the Eω ‖ E3ω and
Eω ⊥ E3ω polarization configurations, respectively. The gray
and red shaded areas show corresponding simulations.
The parallel anisotropy of the heavy-hole 1S exciton
can be well described whereas, the corresponding light-
hole signal with the different intensities of the fourfold
symmetry modulation cannot be matched. We assign
this finding to one of several possible effects of the mag-
netic field. One can consider on that respect to a cou-
pling of the [100] exciton component to a dark exciton
state and, therefore, to a reduction of oscillator strength.
Vice versa, the oscillator strength could also be increased
by state couplings for certain polarizations, e.g., along
[010] in Fig. 17(b). Two-photon allowed excited heavy-
hole states, energetically close to the light-hole 1S state,
could become admixed and increase the THG intensity.
The different intensities of the [100] and [010] exciton
components could also originate from the quantum well
interfaces. The two interfaces of the ZnSe quantum wells
are terminated by Zn-Te bonds which are oriented per-
pendicular to each other [19], resulting in the different
behaviour of the x- and y-components.
V. CONCLUSIONS
We have measured optical SHG and THG spectra of
exciton resonances in a type-II ZnSe/BeTe quantum well
structure. SHG signal for the light vector kω parallel to
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the growth direction of the sample ([001] crystal axis)
is only allowed if an external magnetic field is applied.
THG, on the other hand, is allowed in absence of the
magnetic field. The comparison of excitation by fs- and
ps-pulses shows that measurements using the spectrally
broad fs-pulses provide a fast method to observe exciton
resonances with high resolution. A symmetry analysis us-
ing group theory shows that the interference of several ex-
citation paths has to be considered to simulate the mea-
sured rotational anisotropy diagrams in SHG and THG.
A difference in the fitting parameters of THG rotational
anisotropies has been found for the heavy- and light-
hole 1S excitons, which could allow one to assign further
higher lying resonances dominantly to the heavy-hole or
light-hole band. The change of the THG anisotropy of
the light-hole exciton with increasing magnetic field in-
dicates higher order effects of the magnetic field on the
exciton states, which may be related to band mixing.
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